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T
he protooncogene MYC encodes a transcription factor, c-Myc (herein termed Myc), that regulates cell size, cell proliferation, and apoptosis (1, 2) . Normal expression of MYC is exquisitely regulated, such that mitogens induce its expression when normal cells are recruited into the cell cycle (1). Conversely, cellular quiescence and differentiation dramatically diminish MYC expression. By contrast, cancer cells bear genetic alterations that deregulate MYC expression, and constitutive expression of Myc is central to its transforming activity. Myc is a basic helix-loop-helix leucine zipper protein that dimerizes with Max to bind the DNA sequence 5Ј-CACGTG-3Ј, known as an E box, and activates transcription (3) . Myc also represses transcription through an interaction with Miz-1 or through other elements at core promoters (4); however, the mechanisms associated with the latter are not well understood. The transcriptional activity of Myc is crucial for its ability to cause malignant transformation, because transcriptionally defective MYC alleles have diminished transforming potential (5) .
To elucidate the role of MYC in tumorigenesis and development, many efforts have focused on identifying Myc target genes and how transcriptional alteration of these targets leads to cell size increase, cell-cycle progression, apoptosis, or abrogation of cell differentiation (6) . To date, there are Ͼ1,500 genes found to be Myc-responsive genes and compiled in the Myc target gene database (www.myccancergene.org) (7) . Recently, highthroughput expression profiling such as microarray (8, 9) and serial analysis of gene expression (SAGE) (10) have been adopted to identify hundreds of Myc-responsive genes. Because most expression studies were limited by the paucity of target validation by quantitative PCR (qPCR) and were unable to definitively distinguish between direct and indirect targets, only a minority of the Myc-responsive genes have been implicated as direct target genes.
ChIP is a powerful technique to identify direct target genes via isolating DNA fragments bound by proteins (11) . When coupled with microarray detection method (ChIP-chip) or ChIP-qPCR (qPCR of ChIP products), direct Myc binding loci on complex genomes could be identified (12) (13) (14) (15) . However, the available ChIP studies only focused on a few highly selective features and regions of the human genome. Notwithstanding the limitations of current studies, they collectively suggest that Myc could regulate up to 10-15% of all genes. Hence, it is critically important to define a direct Myc target transcriptome using well defined, tractable experimental system and a method that permits global mapping of Myc binding sites. Recently, we have developed an unbiased whole-genome mapping strategy to identify transcription factor binding sites, called ChIP-PET (ChIP coupled with pair-end ditagging) (16) . With ChIP-PET, ChIP DNA fragments are first cloned, and then the 36-bp paired 5Ј and 3Ј tag for each of the cloned fragments are extracted. These pair-end ditags (PETs) are further concatenated for efficient sequencing and accurate mapping to reference genome for demarcation of ChIP DNA fragments. The overlapping of PET-inferred ChIP DNA fragments has been proven an effective readout to reflect enriched DNA loci, which identify transcription factor binding sites. The utility of ChIP-PET approach had been demonstrated in mapping human genomic p53 binding sites (16) and elucidating the transcription networks of Oct4 and Nanog in the mouse genome (17) .
To further delineate the Myc transcriptional network, we performed a Myc ChIP-PET study with a model human B cell line P493 coupled with gene expression data and computational analysis. Herein we present a whole-genome Myc binding profile and elucidate Myc directed transcriptome and transcription regulatory networks.
Results

Global Mapping of Myc Binding Sites in Human P493 B Cells.
To identify Myc binding sites in a human genome, a human B cell line P493 was used to perform Myc-specific ChIP-PET analysis (Fig. 1A) (18) . This cell line, which is immortalized by an Epstein-Barr viral genome and carries a tetracycline repressible MYC transgene, is ideal for global mapping of Myc binding sites, because its karyotype is near normal [47 XX, ϩ9, Ϫ6, r(6)] by SKY analysis and yet it can form a Burkitt-like lymphoma in immunocompromised SCID mice (P. Gao, R. Dinavahi, and C.V.D., unpublished observations). In the absence of tetracycline, exponentially proliferating P493 cells overexpress ectopic Myc and display a B cell lymphoma phenotype.
The Myc-bound DNA fragments enriched by ChIP were cloned, and 36-bp PETs (18-bp tags from each 5Ј and 3Ј end) from each ChIP fragment were extracted and concatenated for sequence analysis. The PET sequences were then mapped to human genome to demarcate the boundaries of individual ChIP fragments. Because the Myc binding sites were enriched in randomly sheared ChIP DNA population, multiple unique ChIP DNA fragments from same binding locus are expected to overlap with each other. Myc binding sites are hence defined by overlapping PET regions. ChIP DNA fragments that map distinctly from each other along the genome are likely to be nonspecific (Fig. 1B) . A total of 1,143,746 PET units were generated by ChIP-PET from P493 cells that overexpress Myc. Of those PETs, 691,966 (61%) have single mapping locations in the human genome (hg17) assembly and were further classified into nonredundant PETs, representing 273,566 distinct ChIP-enriched DNA fragments. To determine the degree of saturation, we used the Hill function (19) and estimated that a total of 447,932 distinct ChIP fragments can be captured from this library based on the PET redundancy. Therefore, with the 273,566 PETdefined fragments identified, we have characterized 61% of unique ChIP DNA fragments cloned into the original library (see supporting information, which is published on the PNAS web site). Ninety-one percent of these PET sequences are nonoverlapping singletons, and only 24,586 PETs (9%) overlap with each other, comprising 11,593 PET clusters ranging from PET-2 (clusters with two overlapping PETs) to PET-34 (clusters with 34 overlapping PETs) ( Table 1 and supporting information).
To evaluate whether PET clusters generated in this Myc ChIP-PET experiment were specific to known Myc binding, we examined the localization of PET clusters to a number of genes confirmed as in vivo Myc direct targets (7) . Remarkably, a PET-4 cluster was found in the first intron of NPM1, a well known Myc target, and 2 canonical Myc E boxes are located in the 86-bp PET overlap region ( Fig. 2A) (7) . Furthermore, 15 additional known Myc targets were covered by PET-2 and PET-3ϩ clusters, of which eight of them overlap with known Myc binding sites. For example, NME1 is a well known Myc direct target that has a PET-2 cluster in the first intron and two E boxes found within the 409-bp PET overlap region (for more examples see supporting information).
To estimate the level of false positive associated with PET clusters of different sizes, Monte Carlo simulation was used to calculate the number of PET clusters resulting from random probability. Based on the simulation, the random probability for 3 or more PETs overlapping each other (PET-3ϩ clusters) was Ͻ30%, suggesting that Ͼ70% of the 593 PET-3ϩ clusters represent true Myc binding (Table 1) . To further experimentally validate the PET-3ϩ clusters associated with Myc binding, 48 arbitrarily selected PET-3ϩ and PET-2 clusters were subjected to ChIP-qPCR assay. We verified that 100% (29͞29) of PET-3ϩ and Ϸ47% (9͞19) of the PET-2 were real Myc ChIP enrichment events (Fig. 2B) . Therefore, we concluded that 593 PET-3ϩ clusters were genuine Myc binding loci and at least half of the 11,000 PET-2 clusters were resulted from random noise by both statistic analysis and experimental validation.
De Novo Motif Analysis Reveals Enrichment of E Boxes in Myc Binding
Regions. With the 593 experimentally determined high quality PET-3ϩ Myc binding loci, we sought to characterize the properties of Myc-DNA interaction by using the motif discovery algorithm Weeder (20) to detect de novo consensus motif for Myc. As expected, 5Ј-CACGTG-3Ј was the most prevalent motif found in PET-3ϩ clusters (Table 1 and supporting information).
We also determined the possibility of Myc binding to noncanonical 5Ј-CACATG-3Ј E box in the 593 high quality sites and found a statistically significant enrichment of this noncanonical E box (P ϭ 0) (Table 1) . Furthermore, in 367 (62%) of the 593 binding loci, either one of the E box variants or both were found; consistent with an earlier study that in Myc overexpressed cells, Myc has high affinity to canonical and noncanonical E boxes (12) . However, E box-independent mechanisms may also be important factors in dictating Myc binding site selection as there are still Ϸ40% of the binding loci lacking either canonical or noncanonical E box sequence.
Proximity of Myc Binding to Promoters and CpG Islands.
Using the 593 highly reliable Myc binding loci, we determined the locations of Myc binding relative to gene coding sequences along the genome. The majority of the Myc binding loci (63%, 372͞593) is within a 10-kb range around known gene regions with a strong binding preference toward 5Ј proximal promoter regions (10 kb upstream of transcription start sites and first introns) (Fig. 3A) . Notably, Myc binding in the 5Ј region is 11-fold higher than its binding in 3Ј region (213͞19 for all PET-3ϩ loci and 83͞6 for E-box containing loci). Another predictor of Myc binding is the proximity to CpG islands, which are hypomethylated genomic regions that are frequently associated with transcribed genes (21) . We examined the association of the 593 Myc binding loci with CpG regions and found 29% and 36% of total Myc PET-3ϩ clusters are located within 1 kb and 5 kb of CpG, respectively. When specifically evaluating the subset of 156 PET-3ϩ clusters containing consensus E boxes, we found more than half of them (88; 56%) were within 5 kb of CpG (Fig. 3B) . These results indicate a preference for Myc binding with CpG islands. Based on the binding characteristics derived from highly reliable PET-3ϩ clusters; proximity to CpG islands (Ͻ5 kb) and proximal promoter regions of known genes (within 10 kb of transcription start site and first intron), and the presence of E-box, are the three most significant features of Myc binding. In total, 326 of the 593 Myc loci determined by PET-3ϩ clusters exhibit one of these three characteristics (for the list of 593 binding loci and associated genes, see supporting information).
Applying the above criteria to the 11,000 potential Myc binding loci suggested by PET-2 clusters, we found that 263 loci satisfied all three criteria, 1,425 loci have at least two features and 3,703 loci have at least one of the three Myc binding features (1,320 containing E box, 1,854 within 5 kb of CpG islands, and 2,212 in proximal promoter regions) (see supporting information). To estimate the level of true Myc binding to clusters with different features, we randomly picked a minimum of 10 loci from PET-2 clusters with one of any three, two of the three, or all three Myc binding features for ChIP-qPCR validation. As expected, all 14 loci (100%) fulfilling all three criteria are positive ( Fig. 2B and supporting information) . The percentage of validated clusters from the other six categories varied from 20% (only within 10 kb of promoters) to 58% (with E box and proximity to CpG). Among them, E box containing loci have the highest validation ratio (Fig. 2C and supporting information) . These results indicate that much less than 50% of the 11,000 PET-2 sequences are likely to be bona fide Myc binding loci. Next, we sought to estimate how many Myc binding loci were either missed by PET or overlapped with PET singletons. Putative loci that fulfilled all 3 Myc binding features were identified from PET-singletons (587 loci) or genomic background (3,689 regions) and subjected to ChIP-qPCR testing. Seven of 10 PET-1 sites (70%) and 2 of 11 (18%) genomic background (non-PET) sites were shown to be positive with lower enrichment fold (Fig. 2B) , suggesting many potential low affinity binding sites were not captured by PET clusters because of limited sampling. Thus, to ensure the coverage of weaker Myc-DNA interactions, the 3,703 PET-2 loci containing at least one binding features were combined with the 593 PET-3ϩ derived binding loci to establish a total of 4,296 Myc binding sites identified in this study (see supporting information). Because these 4,296 sites have potentially 50% false positive rate, they were further analyzed by intersecting with gene expression analysis.
Myc-Directed Transcriptome. By using a range of Ϯ10 kb for proximity, 2,980 genes are associated with the 4,296 Myc binding sites. If the range is extended to Ϯ100 kb of genes, there are 3,465 genes associated with Myc binding sites. Assuming that the human genome contains 25,000 genes, this would indicate that Myc regulates Ϸ12-14% of genes directly in B cells. To examine which of these candidate genes are directly responsive to Myc activation, gene expression data from the same cell line (P493) treated with and without tetracycline were obtained by using Affymetrix U133 microarray. Of the 3,465 putative Myc direct target genes, 668 were found differentially modulated in response to Myc by using a cutoff of significance analysis of microarrays q Ͻ 0.05% (22) . Of the 668 responsive genes, 406 were up-regulated and 262 were down-regulated by ectopic expression of MYC (see supporting information).
Functional classification of these direct Myc target genes based on Gene Ontology categorization through the PANTHER database (http:͞͞panther.appliedbiosystems.com) (23) reveals that they are widely distributed among 211 different categories. Many categories from metabolism, cell cycle control, transcription regulation, intracellular signal cascade and biosynthesis are statistically overrepresented (P Ͻ 0.05) in this 668 genes subset (see supporting information). This distribution is consistent with the view that Myc affects global gene regulatory networks with specific influence on metabolism, cell size increase and cell proliferation. Direct miRNA Targets. We found Myc-bound and potentially regulated seven miRNA targets: mir-148, 346, 17, 196, 124, 155, and let-7a (see supporting information). Among them, the mir-17 cluster of miRNAs was shown to be activated in B cell lymphoma and the forced expression of the mir-17 cluster can accelerate Myc-mediated lymphomagenesis in a mouse model (24) . The mir-17 cluster was identified as a direct Myc target (25) and two other binding loci associated with mir-148 and let-7a were also validated through ChIP-qPCR (data not shown). Our study suggests that Myc may regulate miRNA targets as means to promote its activity.
Direct Myc Repressed Target Genes. Although many genes have been reported to be repressed by Myc through expression microarray analysis, only a few targets such as CDKN2B and CDKN1A were previously identified as direct Myc-repressed targets (15, 26, 27) . Our global mapping reveals a new group of 262 Myc-downregulated genes that are bound by Myc. From gene function classification, intracellular signaling cascade, signal transduction and B cell maturation pathways are overrepresented in these direct Myc-repressed genes. Motif search through TRANSFAC revealed that 2 transcription factor binding sites, early B cell factor (EBF) (P ϭ 4.48E-19) and ZIN3 (P ϭ 5.52E-15), are significantly enriched in the subset of Myc down-regulated genes compared with Mycinduced genes (see supporting information). EBF is a transcription factor required for B cell lymphopoiesis and plays a crucial role in specifying B cell lineage. of 20 different TFs were found significantly enriched (P Ͻ 10 Ϫ20 ) from 3-to 24-fold over genomic background (see supporting information). Among these enriched TF motifs, the Myc:Max binding motif was overrepresented with 10-fold enrichment (P ϭ Ͻ10 Ϫ180 ). Other motifs of known Myc partners such as AP2 and Sp1 were also found. Our analysis of functional categories of genes associated with specific transcription factor consensus sites reveals the possible association of specific gene functions with the binding of Myc and Sp1, AP-2, or MAZ (see supporting information).
Cofactors Collaborating with Myc in
The E2F1 motif is specifically enriched 16-fold within Myc binding clusters and 37-fold within the subset of clusters containing E box. When intersected with expression data, 67 of 171 identified loci associated with genes whose expression was modulated in P493 cells (52 were up-regulated and 15 were down-regulated) (see supporting information). Among them, CDC6, DHODH, MCM3, and MCM4 were confirmed to be bound and induced by both E2F1 and Myc (Fig. 4 B and C) . Like Myc, E2F1 also controls cell-cycle progression and DNA replication (30) . Thus, deregulation of Myc could potentially lead to uncontrolled cell-cycle progression through a functional link with E2F1 (Fig. 4D) .
Discussion
The prevalent role of MYC in human tumorigenesis makes the identification of direct Myc target genes critical for our understanding of how Myc contributes to neoplastic transformation. Our global mapping of Myc binding loci by ChIP-PET in a well defined experimental system yields a framework from which functional categories of direct Myc targets appear, cis-regulatory modules emerge, and transcriptional circuitries unfold.
Genomics of Myc Binding Sites.
The global Myc binding sites mapped by ChIP-PET identified 4,296 genomic binding loci. The distribution of Myc binding preferentially in gene-rich regions with a bias toward 5Ј promoters, E box consensus sequence, and CpG islands is consistent with previous more limited studies. The occurrence of Myc consensus E boxes (5Ј-CACGTG-3Ј) in our refined 4,296 Myc binding loci is Ϸ34%, a percentage that is higher than 25% detected from 876 promoters (13) or 756 binding sites from human chromosomes 21 and 22 derived from ChIP-chip data (14) . It should be noted that there is no specific enrichment for E box from chromosomes 21 and 22 data because it may contain a significant number of false positives (31) . Furthermore, the noncanonical E box is significantly enriched in Myc binding sites and, together with the canonical E box, is present in 60% of Myc binding regions. However, the presence of E box in the binding loci did not correlate with whether or how the associated genes are regulated. In contrast to studies in human cells, whole-genome analysis of Drosophila dMyc-responsive genes reveals that Ͼ60% of up-regulated and 90% of down-regulated genes contain a canonical E box within 1,000 bp of the transcription start site (32) . Even with the prevalence of E boxes in dMyc target genes, genome-wide mapping of dMyc binding loci reveals significant dMyc occupancy of non-E box binding sites (33) . These observations underscore the importance of identifying noncanonical E boxes or non-E boxes to which Myc binds.
The significant overlap of high quality Myc binding loci with CpG islands is consistent with previous studies (12, 15, 34) . The fact that Myc preferentially binds to E box motifs within CpG islands suggests that open chromatin is required for Myc to bind its sequence specific target sites or other transcriptional complexes. Myc binding is also shown to be highly correlated with H3K4 methylation and acetylation (31) which further supports an open chromatin conformation is an important for Myc target site selection.
The global mapping of Myc binding loci provides a unique opportunity to discover binding motifs of transcription factors in putative cis regulatory modules. A number of transcription factor binding sites are highly statistically overrepresented in 593 high confident Myc binding sequences. Interestingly, we found here that sites for E2F1 are overrepresented in Myc direct induced targets, many of which are intimately involved in regulation of DNA replication. Moreover, consistent with a recent study by Cheng et al. (35) that ER and Myc interplay in eliciting estrogen response, the estrogen responsive element was also found 7-fold-enriched in our PET-3ϩ clusters (P ϭ 5.9E-13). These new findings, in aggregate, add to the emerging transcriptional circuitry involved in cell replication and growth response.
Myc-Regulated Transcriptional Network. In our analysis, a total of 668 high quality Myc direct responsive genes are associated with expression changes in P493 cells. The functional categories of these 668 genes revealed that a wide variety of different cellular processes like transcriptional regulation, biosynthesis, cell cycle control and signaling transduction are directly regulated by Myc (see supporting information). Substantial numbers of Myc up-regulated genes are involved in pathways to increase activities of protein synthesis and cell metabolism. These include ribosomal proteins, translation factors, RNA polymerase subunits and Ͼ 100 genes in TCA cycle, glycolysis, and biosynthesis. These observations support the idea that Myc regulate general protein synthesis machinery and thereby influences cell size control (36, 37) .
Most strikingly, transcription factors are among the largest functional category found. In addition to transcriptional circuitries uncovered by binding motifs discovery, direct Myc targets also include members of the Myc͞Max͞Mad protein-protein interaction network. Although these observations require additional studies, they suggest that in addition to the protein-protein interactions, the Myc͞Max͞Mad network is also affected by transcriptional regulatory loops.
To date, a small number of genes are shown to be direct Myc repressed targets. The global identification of 262 direct Myc down-regulated targets in our study enables us to dissect the pathways and mechanisms of Myc-dependent gene repression. Among them, 75 genes are in the signal transduction pathways involving MAPK, calcium, Wnt, IGF, TGF-␤, phosphatidylinositol, and Jak-STAT signaling pathways. These observations suggest that deregulated MYC could modulate a variety of signal transduction pathways to disseminate oncogenic signals down other paths. Also down-regulated by Myc are the cell adhesion molecules. We also found two transcription factors, EBF and ZIC3, whose motifs are significantly enriched in Myc-repressed genes. EBF is a B cellspecific transcription factor important to cell lineage specification. ZIC3 is a developmental specific zinc finger transcription factor defining early embryo patterning. Down-regulation of EBF and ZIC3 is likely to affect B cell lineage specification; however, the biological significance of these alterations requires further study that is beyond the scope of our current work.
Core Direct Myc Target Genes. One puzzling observation is the limited overlap in Myc binding targets identified here with other published studies. We examined the overlap between our ChIP-PET defined loci and 139 high affinity Myc-bound loci identified by selecting promoter E box within 2 kb flanking the transcription start sites followed by ChIP-qPCR positive in both high and physiological levels of Myc in the same P493 cells (12) . Twenty-two sites overlap with our PET-2ϩ cluster regions and the overlapped sites increased to 47 (34%) when included PET singletons. Likewise, studies in Burkitt's lymphoma cell lines using ChIP-promoter arrays reveal 876 Myc-bound promoters and only 107 of them overlapped with PET-2ϩ and 386 (44%) overlapped with PET-1ϩ. Moreover, only 132 of 756 (17%) Myc binding sites on chromosome 21 and 22 (30) were overlapped with PET-1ϩ. Systematic validation of 10-15 nonoverlapped binding sites in our system showed 25% to 62% of these sites were indeed missed by our ChIP-PET analysis (see supporting information). Given the apparent low level of ChIP enrichment (14 of 17 positive sites were Ͻ5-fold) and the current limited PET detection sensitivity, it is not surprising these sites were not found by ChIP-PET. The remaining discrepancy could result from the experimental noise associated with ChIP studies or differences in cell types or specific cell culture conditions. Alternatively, the large differences detected in these studies could be due to the fact that Myc binding are complex and dynamic. Because these studies could be only snapshots of binding events detected by different methods, the real core group of Myc targets would emerge only when we are able to define additional whole-genome Myc direct transcriptomes. Nevertheless, 15 common targets were found that participate transcriptional regulation, DNA replication and cell signaling (see supporting information).
Conclusions and Future Directions. Although novel insights are gleaned from this study and many questions answered, several observations have generated many more questions than those answered. For example, although it is easily conceivable that only less than half of the many Myc-responsive genes are bound by Myc, it remains to be determined why only a small fraction of Myc binding gene loci are associated with gene expression changes. Because it is known that transcriptional factors associate with DNA nonspecifically to scan for specific binding sites, it stands to reason that a snapshot of Myc binding to genomic DNA by ChIP could well capture Myc in the act of promiscuously binding nontarget sites as it contains a nonspecific DNA binding domain (38) . This could well account for the large numbers of binding sites for E2F1 and Myc that are well beyond gene regulatory responses (14, 34) . Furthermore, because Myc can affect not only transcription at different levels but also the global chromatin structure (39) , its binding alone may not be sufficient for gene expression and perhaps its role in these loci is to create poised transcriptional complexes that would be trigger by signal transduction pathways. Finally, because both our ChIP experiments and gene expression analysis were performed on samples taken from a single time point, it is possible that dynamic gene expression changes consequential to Myc binding may have been missed. As such, we envision that the use of customized oligonucleotide tiled arrays covering the high quality ChIP-PET loci would be a good tool to follow dynamic changes in Myc binding that could then be directly compared with gene expression levels.
Our global mapping of Myc binding loci in a well defined, experimentally tractable system has yielded not only new direct Myc target genes, but it also permits discovery of novel transcriptional regulatory circuitry motifs as well as cis regulatory modules. Future studies emanating from our global mapping of Myc binding sites will provide additional insights into how tumorigenesis is caused by deregulated MYC, a prevalent finding in human cancers.
Experimental Procedures
Details. Detailed experimental procedures can be found in the supporting information.
Cell Culture and ChIP. P493-6 cells were cultured, and ChIPs were as previously described (7).
ChIP-PET Experiment. By using the Myc ChIP-enriched DNA fragments, a Myc ChIP-PET library was constructed as previously described (16) .
qPCR Assay. qPCR analyses were performed by using ABI PRISM 7900 sequence Detection System and SYBR Green master mix as previously described (17) . Two-fold of enrichment was used as cutoff. Primer sequences are in supporting information.
Gene Expression Profiling Analysis Using Microarray. Total RNA isolated from P493 cells in the presence of absence of tetracycline were used to probe Affymetrix U133 Plus 2.0 array following the manufacturer's recommendation as previously described (25) .
